Amorphous metallic alloys lack long-range atomic order and consequently exhibit excellent homogeneity, no microstructure discontinuities, and no sharp x-ray diffraction peaks. Moreover they have higher tensile fracture strength and hardness than those of traditional crystalline metals. These excellent physical properties make bulk metallic glasses good candidates for high pressure gaskets for in situ x-ray/neutron diffraction experiments. We tested the Pd 40 Ni 40 P 20 amorphous alloy as a gasket material in three experiments. The behavior of the Pd 40 Ni 40 P 20 amorphous alloy under a hydrostatic/nonhydrostatic pressure of over 100 GPa was investigated by in situ synchrotron x-ray diffraction. The pressure gradient of the amorphous metallic gasket in the diamond anvil cell was measured on the ruby fluorescence scale during compression and decompression. The results show that bulk metallic glasses are good high-pressure gasket materials for in situ x-ray diffraction experiments.
I. INTRODUCTION
Over the past 30 yr, the gasketed diamond anvil cell ͑DAC͒ has become the standard tool employed to generate and exert high static pressure on solid, liquid or gas samples. 1 Pressures achievable with the DAC exceeded the 1/2 Mbar ͑50 GPa͒ barrier in 1975 2 and subsequently reached hundreds of GPa. 3, 4 In contrast to the massive hydraulic pressure vessels, the DAC is easy to design, construct, and operate and is safe in the event of failure. 5, 6 In fact it is becoming a routine tool in the megabar range for scientists who are not specialists in high pressure techniques. Another main advantage of the DAC, besides the ability to generate extremely high pressures, is the transparency of diamond to x ray and to visible and infrared light, which facilitates not only in situ x-ray diffraction experiments, but also visible absorption, infrared, and Raman spectroscopy. 1 The part of the DAC system that generates the pressure consists of two diamonds and a gasket. The sample, held between the two diamond anvils and confined by a gasket, is compressed between the anvil's small faces ͑culet͒. The maximum pressure value varies with the culet dimensions of the diamond anvil, the force exerted on the diamond anvils, the sample hole size, as well as with the mechanical properties of the gasket material. 1, [6] [7] [8] The gasket is very important and incorrect selection increases the risk of breaking the anvils during compression. Fully hardened ͑cold rolled, 100% deformed͒ stainless steel, rhenium and its alloys, beryllium, and some other polycrystalline metals are usually used as high pressure DAC gasket materials for in situ x-ray diffraction experiments. However the x-ray diffraction peaks from the crystalline gasket may interfere with the diffraction pattern from the sample. This problem is not trivial; it can vitiate experiments. This is particularly true when experimental pressures over 1 Mbar are to be reached and the sample chamber dimension can only be a few tens of micrometerscomparable to the size of the synchrotron x-ray beam-and will be further reduced during the compression. 4, 6 In this situation the diffraction peaks from the gasket will unavoidably appear, mixed with the sample's diffraction pattern. Furthermore, as discussed in greater detail below, microstructure heterogeneities of crystalline metals may lead to cracking and eventually to the failure of the gasket due to the very high stress under high pressure. Amorphous metallic alloys lack long-range atomic order and consequently exhibit extreme homogeneity, no microstructure discontinuities, and no sharp x-ray diffraction peaks. 9 Moreover they have higher tensile fracture strength and hardness compared to traditional polycrystalline metals. 9 These excellent physical properties make bulk metallic glasses ͑BMGs͒ very good candidates for high pressure gaskets for in situ x-ray diffraction experiments. For similar reasons the BMG gasket could also be used for highpressure, in situ neutron diffraction. The Pd 40 Ni 40 P 20 amorphous alloy was prepared from elemental Pd ͑99.95% pure͒, elemental Ni ͑99.8% pure͒, and Pd 2 P and Ni 2 P powders. [10] [11] [12] [13] The Pd 2 P was made by ball milling a mixture of elemental Pd and P ͑99.5% pure͒ powder in a SPEX ͑Metuchen, NJ͒ shaker mixer for 5 h. The Ni 2 P ͑99.5% pure͒ powders used were commercially available. The above metallic elements and phosphides were put in a fused silica tube together with pieces of B 2 O 3 . The tube was then heated slowly to about 1250°C and finally quenched in water. The molten B 2 O 3 fluxed the alloy melt and dissolved the impurities during heating. These impurities are mainly oxides from the starting materials and can increase the cooling rate required for glass formation. The quenched ingot was about 7 mm in diameter and several centimeters in length.
The as-prepared Pd 40 Ni 40 P 20 alloy was verified to be amorphous by x-ray diffraction ͑XRD͒. As shown in Fig. 1 , only a very broad hump appears in the bottom curve for Pd 40 Ni 40 P 20 BMG; compare with the sharp peaks for the XRD patterns of rhenium, beryllium, and stainless steel ͑T301͒. The Pd 40 Ni 40 P 20 BMG was also characterized by differential scanning calorimetry, differential thermal analysis, hardness, and ultrasonic measurements. 12, 13 The glass transition and crystallization temperature of the Pd 40 Ni 40 P 20 BMG were found to be at 303 and 405°C. The Vickers hardness and shear modulus are 4.85 and 36.6 GPa, respectively. The as-prepared Pd 40 Ni 40 P 20 amorphous alloy was finally machined into disks 4 mm in diameter and 0.25 mm thick. We used water-cooling and low-speed cutting to avoid crystallization of the BMG during the machining process.
B. DAC high-pressure in situ x-ray diffraction experiments
We have conducted three DAC high-pressure in situ x-ray diffraction experiments using a Pd 40 Ni 40 P 20 BMG gasket. All the in situ x-ray diffraction experiments were performed at the X-17C beam line of the National Synchrotron Light Source at Brookhaven National Laboratory. Figure 2 shows a diagrammatic representation of the diamond anvils, anvil surface parameters, sample chamber, x-ray beam, and ruby positions. We used the Symmetric cell 1 in the first run and the Piston-Cylinder Mao-Bell cell 5 for the last two experiments.
For the first experiment ͑Run 1͒, the bevel angle in the diamond anvil was ϭ0. The other anvil surface parameters were ⌽ 1 ϭ150 m and ⌽ 2 ϭ⌽ 3 ϭ250 m. The Pd 40 Ni 40 P 20 BMG gasket was preindented at a central pressure of 12.6 GPa before the sample hole was drilled. The central gasket thickness was reduced to about 60 m after preindentation. Three small pieces of ruby single crystal ͑ϳ3 m͒ were used as pressure markers to measure the pressure gradient. Two rubies were put on the surface of the indented gasket, and the distance from the ruby positions to the indentation center were measured to be 100 and 125 m. Another ruby was placed at the center of the sample area. A small piece of Pd 40 Ni 40 P 20 amorphous alloy was squeezed between two diamond anvils to form a thin film ͑ϳ20 m͒ and a piece of this film, about 100 m in size, was put in the sample hole. We used a mixture of methanol and ethanol ͑methanol:ethanol ϭ4:1͒ as hydrostatic pressure medium. The white synchrotron x-ray beam had a cross section of 50ϫ40 m 2 and the energy dispersive x-ray spectra were detected at an angle of 9.99°͑2͒ with respect to the incident beam. In this run, the sample center was compressed to 50.2 GPa. Every 5 GPa or so, we collected a XRD pattern by focusing the beam at the sample center.
In the second experiment, we used nanocrystalline cubic BC 2 N 14 ͑averaged grain size: ϳ5 nm͒ as the sample without any pressure medium. The parameters for the diamond anvils were 1 ϭ100 m, ϭ0, and 2 ϭ 3 ϭ300 m. The Pd 40 Ni 40 P 20 BMG gasket was preindented at 34.5 GPa. There were two pieces of ruby pressure marker. One was placed at the sample center and another one was in the gasket, 100 m away from the sample center. The incident x-ray beam cross section was ϳ10ϫ20 m 2 and the scattered beam was detected at 2ϭ12.00°. The sample was compressed to 102 GPa and the XRD was collected every ϳ5 GPa for both the sample and the gasket center ͑by moving the sample center 100 m away from the x-ray beam͒. This allowed us to investigate the behavior of amorphous Pd 40 Ni 40 P 20 under nonhydrostatic ͑gasket͒ pressures.
The DAC dimensions for the last experiment were ⌽ 1 ϭ80 m, ⌽ 2 ϭ200 m, ⌽ 3 ϭ396 m, and ϭ10°. from a single crystal between two opposite diamond anvils.
No pressure medium was used. One piece of ruby was placed at the sample center. Another one was in the gasket, 100 m away from the sample center. The synchrotron x-ray beam size was the same as during the second experiment but with a different detection angle, namely 2ϭ10.00°. The sample was compressed to 150 GPa and an x-ray diffraction pattern was collected approximately every 10 GPa from the sample and from the Pd 40 Ni 40 P 20 BMG gasket.
III. RESULTS AND DISCUSSION

A. Behavior of Pd 40 Ni 40 P 20 BMG under hydrostatic pressure
In the first experiment we used a mixture of methane and ethanol as liquid pressure medium and expected the sample would be under hydrostatic compression in the DAC. Figure  3 shows the sequence of synchrotron in situ XRD patterns during compression. As the pressure increases, the amorphous peak shape of the Pd 40 Ni 40 P 20 BMG sample remains relatively unchanged. A consistent shift of the amorphous peak to smaller d spacing indicates tighter packing of atoms in the Pd 40 Ni 40 P 20 BMG sample. The d-spacing change of the sample's main amorphous peak with pressure can be seen in Fig. 4 .
According to the in situ synchrotron XRD observation no obvious new peak appeared during the compression of the 19 because amorphous materials usually have a higher compressibility than that of crystalline materials and exhibit a volume contraction upon crystallization. However compression delays the crystallization process and raises the crystallization temperature for most amorphous alloys. The crystallization of amorphous phases can be classified into two groups: diffiusionless and diffusional. In the first case, only a distortion of the atomic bond and length is involved and pressure can enhance the crystallization process from a thermodynamic point of view. 18 On the other hand applied pressure may suppress atom diffusion and kinetically stabilize the amorphous state. 22 The interplay of the thermodynamic and kinetic effects of pressure can retard or assist the crystallization of BMGs depending on the nature of the compression and of the crystallization process. 18, [22] [23] [24] [25] B. In situ XRD observation of Pd 40 Ni 40 P 20 
BMG at nonhydrostatic pressures
The gasket is always subjected to nonhydrostatic stress during DAC high pressure experiments. Recently it was found that nanoindentation could cause the nanocrystallization of Zr 52.5 Cu 17.9 Ni 14.6 Al 10 Ti 5 BMG. 25 So it was necessary to investigate the behavior of the BMG gasket at nonhydrostatic pressures. In the last two experiments, we collected a XRD pattern of the BMG gasket by moving the sample center away from the x-ray beam at each pressure point. Figure  5 shows selected synchrotron in situ XRD patterns of the Pd 40 Ni 40 P 20 BMG gasket center under nonhydrostatic compression. Again, no obvious structure change of the Pd 40 Ni 40 P 20 BMG gasket was observed by XRD at nonhydrostatic pressures up to 125 GPa. 
C. Pressure gradient in the Pd 40 Ni 40 P 20 BMG gasketed DAC
In the first experiment, we placed three small pieces of ruby in the gasketed DAC as pressure markers: one at the sample hole center, and another two on the gasket ͑see Fig.  2͒ . In the last two experiments, two small pieces of ruby were used as pressure markers: one at the sample center and another one in the BMG gasket, 100 m away from the sample center. Thus we were able to observe the pressure gradient in the Pd 40 Ni 40 P 20 BMG gasketed DAC. The loading force is applied to the diamond anvils by tightening the screws.
4 Figures 6 and 7 show the relationship between the screw turning angle and pressure as measured on the ruby fluorescence scale. It can be seen from Figs. 6͑a͒ and 6͑b͒ that the gasketed DAC has a similar pressure gradient in the first two experiments and the slope of the gasket center pressure ͑P gasket͒ versus sample center pressure ͑P sample͒ line is ϳ0.6 in both cases. In these two experiments, the anvil top surface was flat ͑bevel angle ϭ0 in Fig. 2͒ . It is also found that the pressure of the BMG gasket edge always remains at ϳ5 GPa during compression ͓Fig. 6͑a͔͒, which is roughly equal to the Vickers Hardness of the Pd 40 Ni 40 P 20 BMG. The pressure gradient becomes smaller in the last experiment ͑bevel angle ϭ10°͒. As shown in Fig. 7 , the pressure difference ͑ϳ25 GPa͒ between the gasket and sample center does not change much as the applied pressure increases.
D. Selection of BMG gasket for DAC high pressure in situ x-ray diffraction experiments
Bulk metallic glasses display many attractive properties such as high hardness, elevated strength, and good corrosion resistance. 9, 13 Amorphous alloys have been prepared in cmsized rods, including Ln-Al-TM, Mg-Ln-TM, Zr-Al-TM, Hf-Al-TM, Ti-Zr-TM, Zr-Ti-Ni-Cu-Be, P-Ni-P, Pd-Ni-Cu-P, Fe-͑Al,Ga͒-͑P,C,B,Si,Ge͒, Nd-Fe-Al, PrFe-Al, and Fe-TM-B, 9, 13 where Ln and TM represent one ͑or more͒ lanthanide and transition metal, respectively. The following points are of great importance in the selection of BMG gasket for DAC ͑or other gem anvil cell 26 ͒ high pressure in situ x-ray diffraction experiments:
Mechanical properties
The Fe-B-, Fe-P-, Ti-, Zr-, and Pd-based BMG exhibit higher tensile strength ( f :ϳ1500-4000 MPa) and higher Vickers hardness (H v ϳ5 -12 GPa) than any other polycrystalline alloy ͑e.g., f ϳ1000 MPa and H v ϳ4 GPa for full hardened stainless steel͒. 9 Among these amorphous alloys, Pd-and Zr-based BMG can be prepared in centimeter size. Compared to crystalline materials, these amorphous alloys are extremely homogeneous in microstructure and have no microstructural discontinuities ͑dislocation, grain boundaries, and precipitates͒. 27 The sample hole in the DAC may become noncircular and noncentral during compression because of microstructural heterogeneity when a polycrystalline metal gasket is used. The diamond anvils are at risk under these circumstances: ͑a͒ the anvils could nonuniformly indent their gasket supporting surfaces thereby causing misalignment of anvil faces and ͑b͒ the gasket could flow radially unsymmetrically, leading to a possible rupture of the gasket and to the consequent loss of sample and pressure, 5, 28 especially when the sample is quite soft or in the liquid or gas state. In our experiments the sample holes remained circular and central during compression, which reflects the excellent microstructural homogeneity of the Pd-based BMG gasket.
Structural stability at high pressures and temperatures
The crystallization temperature (T x ) of most amorphous alloys is below 500°C and usually increases with applied pressure ͑P͒. For example, T x for the Pd 40 Cu 10 Ni 10 P 20 amorphous alloy increases linearly with pressure, with a slope of 11 K/GPa. 22 These amorphous alloys could be used as gasket materials for DAC high pressure and high-temperature experiments. The T x versus P curve has a negative slope for some Ti-and Zr-based BMG. 17, 18, 24, 25 Pressure-induced crystallization may happen at very high pressure in Ti-and Zrbased BMG.
X-ray fluorescence
Although amorphous alloys have no sharp peaks in their XRD pattern, the peaks caused by emission of characteristic FIG. 6 . Pressure gradient in BMG gasketed DAC ͑ϭ0͒ for the first two experiments: ͑solid squares͒ sample center pressure; ͑open squares͒ gasket center pressures; ͑open circles͒ gasket edge pressures; and ͑top left insets͒ the plot of gasket center pressure vs sample center pressures.
FIG. 7.
Pressure gradient in BMG gasketed DAC ͑ϭ10°͒ for the last experiment: ͑solid squares͒ sample center pressures; ͑open squares͒ gasket ͑100 m away from the sample center͒ pressures; and ͑open diamond͒ estimated sample center pressure.
x-rays fluorescence ͑XRF͒ from the metallic elements in BMG may block the XRD peaks of the sample. As shown in 
